effect of cycle length on the refractory period (RP) of atrium, ventricle, A-V node, and His bundle was studied in the exposed hearts of anesthetized dogs. The RP was estimated as the shortest attainable interval between responses (RR', functional RP) or as the shortest interval between basic and test stimuli (SS') at which S' evoked a response. Measurements were made at a range of basic frequencies, and for a range of premature or "postmature" intervals (RIR2) at each basic frequency. The RP of a beat terminating a given RlRz interval was longer when the cycle was interposed in a sequence of longer cycles, and shorter when it was interpolated in a sequence of short cycles. The influence of the immediately preceding cycle on the RI? was usually greater than that of prior cycles but some influence persisted for at least 12 cycles. Cumulative effects were observed in all of the cardiac tissues tested.
atrium, refractory period of; ventricle, refractory period of; A-V node, refractory period of; His bundle, refractory period of AN INVERSE RELATIONSHIP between heart rate and the duration of the Q-T interval of the electrocardiogram was described by Bazett (l), whose empirical formula has long been used to %orrect" the Q-T interval for heart rate changes. A similar relationship between frequency and transmembrane action potential duration (APD) has been observed in various cardiac tissues in vitro (3, 9 and the heart was exposed and cradled in the opened pericardium, To reduce variations in the level of autonomic nerve activity, the heart was partially denervated by cutting both cervical vagi and excising both stellate ganglia. The S-A node was inactivated by crushing to permit observations at low frequencies.
In a small group of experiments the A-V node and the bundle of His were exposed in hearts perfused from a donor animal, as described in previous studies (6, 8) .
The bipolar stimulating and recording electrodes for the atrium and the ventricle were small steel hooks with an interelectrode distance of l-l.5 mm. They were usually attached to the epicardial surface of the right atrium near the A-V groove and to the anterior septal margin of the right ventricle.
Sites of stimulating and recording electrodes were usually separated by about 6 mm. For studies of the functional refractory period of the A-V node in the closed heart, ventricular recording electrodes were attached to the anterior surface of the left ventricle, since previous studies indicated that the functional refractory period of the A-V node is often exceeded by that of the right bundle branch at slow heart rates (8). Stimulating and recording electrodes placed on the His bundle in the open heart were pairs of sharp steel needles separated by about 1 mm and insulated except at the tip.
Driving and test stimuli were rectangular pulses of 2 msec duration obtained from a Tektronix pulse generator and passed through an isolation transformer. The pulse generator was triggered by an interval generator which provided a closed loop of up to 18 variable pulse intervals ( 10). Stimulus intensity was set at twice the diastolic threshold, and was checked at each driving frequency.
Stimulus artefacts and atria1 or ventricular electrograms were dispIayed on a dual-beam oscilloscope. The functional refractory period (FRP) of atrium or ventricle was measured as the shortest obtainable interval between two responses (RR'); stimulus intervals (SS') were also recorded. The FRP, determined as the least interval between responses (RR') recorded at some distance from the stimulated point, includes an unknown increment in conduction time for the R' response (5). Accordingly, it was believed possible that the cumulative effects illustrated in Fig. 1 might be due to changes in interelectrode conduction time rather than true variations in the refractory period. To test this possibility, SS' intervals (representing the shortest intervals at which S' elicited a propagated response) were plotted against preceding cycle lengths. As shown in Fig. 24 , the cumulative effect of cycle length is still apparent. As before, the effect of a single brief cycle interpolated in a series of 16 long cycles is considerably less than that observed when all of the cycles are brief. To determine how many cycles of a given duration are necessary to reach the steady-state value, the procedure illustrated in Fig. 2B was adopted. As in Fig. IB , the results are plotted as stimulus intervals (SS') on the ordinate scale, against the number of preceding cycle lengths of 300 or 600 msec. The starting point, at the upper left corner of the loop, represents the refractory period (237 msec) at a basic cycle length of 600 msec; all 16 preceding cycles in the stimulus pattern were 600, none were 300 msec. The next value, 223 msec, was recorded when a single cycle of 300 msec preceded the test simulus (S'). Repeated estimates of RP were made with increasing numbers of 300-msec cycles and with correspondingly diminishing numbers of long cycles. Shortening of the RP was approximately 50 % of maximum when two short cycles preceded the test, and was essentially complete (at about 180 msec), when 14 cycles of 300 msec were introduced. The lower right point in the loop was recorded when all 16 cycles were 300 msec in duration.
The reverse sequence is illustrated by the dotted line, Prolongation of the RP by nearly 20 msec resulted when a single cycle of 600 msec was introduced after 15 of 300 msec; progressive prolongation occurred until 13 long cycles were delivered in series, and the loop was closed again when all cycles were long. Similar results were observed in all experiments.
It follows from the results illustrated in Fig. 2 that the effect of a single short (premature) cycle upon the RP of the ventricle will depend on the number of basic cycles in the stimulus sequence. This was found to be true. In one such experiment, the RP of a premature beat introduced 250 msec after a series of 16 basic cycles of 550 msec was found to be 35 msec longer than that recorded when the basic cycle length was 250. When a similar determination was made in a sequence of 4 basic cycles, the difference was only 18 msec. Atrium. The effect of cycle length on the atria1 refractory period was studied in four animals. In three of these, a cumulative effect was clearly evident. The results of one of these, plotted in the same format as Fig. 2 , are shown in Fig. 3. A-V transmission system. Cumulative effects of cycle length on the FRP of the A-V transmission system were observed in three of five intact hearts. In the example illustrated in Fig. 4A , the minimum interval between two ventricular responses (VV') both propagated from the atrium is plotted against the atria1 cycle length. As in Figs. 2 5-5-65.) line connects points recorded at the basic cycle lengths; deviations from this relationship are apparent for both premature and postmature responses. A "hysteresis" loop was also apparent when reciprocally varying numbers of short and long cycles were introduced in a stimulus sequence of 14 cycles.
In two experiments in which stimulating and recording electrodes were attached to the exposed His bundle, the PERIODS OF CARDIAC TISSUES functional refractory period of the A-V node was estimated as the minimum interval between two responses recorded from the bundle (HH'), both of which were propagated from the atrium. Again, cumulative effects were apparent (Fig. 5A) . The refractory period of this His bundle itself was measured in the same experiment as the minimal interval between stimuli (SS') at which a propagated response to S' could be evoked. The refractory periods of the His bundle were shorter than those of the A-V node in both experiments and at all three basic frequencies and cumulative effects were apparent (Fig. 5B ).
DISCUSSION
The results described in the present paper indicate that the duration of refractoriness in cardiac tissues is determined by the previous history of the tissue. In atria1 and ventricular muscle, in the His bundle, and in the A-V transmission system, the refractory period is dependent in part upon the duration of the immediately preceding cycle, but in all of these tissues a cumulative effect of up to 12 or more preceding cycles can also be demonstrated.
As might be expected, the effect of the immediately preceding event was greater than that of more remote events, but an equilibrium value following an abrupt alteration of frequency was not achieved for several seconds. Under the conditions of these experiments, no significant difference in the time required to reach a steady state was apparent among the several tissues studied.
The results are in accord with the observations reported for action-potential durations in dog papillary muscle by Hoffman and Suckling (3), and for rabbit ventricle by Gibbs and Johnson (Z),
The results reported by Mendez et al. (5) failed to show a cumulative relationship between cycle length and FRP in atria1 muscle. Some evidence for such an effect was obtained in the A-V transmission system, in which premature
